INTRODUCTION
============

Insulin-dependent *Diabetes mellitus* (IDDM) is characterized by selective destruction of insulin-producing beta cells in the pancreatic islets of Langerhans. Strong experimental evidence suggests that proinflammatory cytokines, such as tumor necrosis factor (TNF)-α, interferon (IFN)-γ, and interleukin (IL)-1β produced nitric oxide (NO) and influence pancreatic beta cells destruction by stimulating the production of oxygen radicals ([@b4-bt-22-282]; [@b7-bt-22-282]; [@b3-bt-22-282]). Further, IFN-γ, TNF-α, and IL-1β synergistically increase the expression of inducible NO synthase (iNOS) and NO generation ([@b36-bt-22-282]; [@b4-bt-22-282]). A transgenic mouse study showed that NO plays an important role in beta cell destruction ([@b31-bt-22-282]; [@b10-bt-22-282]). NO inhibits the activity of the mitochondrial Krebs cycle enzyme aconitase in addition to electron transport, resulting in an impairment of mitochondrial function and insulin secretion ([@b5-bt-22-282]; [@b33-bt-22-282]). NO induces ataxia telangiectasia mutated protein (ATM)-dependent γ-H2AX protein phosphorylation, a marker of double-stranded breaks of DNA, in pancreatic β cells ([@b27-bt-22-282]). Transgenic mice carrying that express iNOS cDNA under the control of the insulin promoter have been shown to develop diabetes, whereas treatment with the iNOS inhibitor aminoguanidine prevented or delayed the development of diabetes ([@b31-bt-22-282]). IL-1β fails to induce iNOS mRNA expression or increase nitrite formation in islets isolated from iNOS knockout mice, with no impairment in islet function observed ([@b10-bt-22-282]). Moreover, iNOS knockout mice exhibited reduced sensitivity to multiple low-dose streptozotocin-induced diabetes (Flod-strom *et al*., 1999). Therefore, inhibition of NO production by blocking iNOS production or activity may be a useful strategy to prevent inflammatory disorders, including IDDM.

Silymarin is a standardized extract isolated from the fruit and seeds of milk thistle *Silybum marianum* ([@b28-bt-22-282]). Silymarin is known to protect against hepatotoxicity caused by a variety of agents including ethanol, phenylhydrazine, acetaminophen, microcystin, and ochratoxin ([@b24-bt-22-282]; [@b32-bt-22-282]; [@b2-bt-22-282]; [@b38-bt-22-282]). Main silymarin components (silybin, isosilybin, silydianin and silychristin) were analyzed using HPLC and proposed capillary zone electrophoresis methods ([@b19-bt-22-282]). Various studies also indicate that sili binin, a major polyphenolc flavonoid in silymarin, exhibits anticarcinogenic effects ([@b13-bt-22-282]; [@b25-bt-22-282]). Moreover, silibinin possesses a number of additional biological effects such as anti-inflammatory effects ([@b16-bt-22-282]; [@b6-bt-22-282]). Silymarin induces recovery of the endocrine function of damaged pancreatic tissue in alloxan-induced diabetic rats ([@b29-bt-22-282]). Silymarin treatment increased the expression of both Pdx-1 and the insulin gene, while increasing β-cell proliferation in pancreatic tissue ([@b30-bt-22-282]). Although the mechanism is largely unknown, silymarin does exert direct antioxidant activity by scavenging free radicals, and modulating antioxidant and inflammatory enzymes ([@b21-bt-22-282]; [@b39-bt-22-282]). In the present study, we investigated the effects of silymarin on the regulation of iNOS, p44/42, and NF-κB activities in proinflammatory cytokine-stimulated the MIN6N8a, a mouse pancreatic beta cell line.

MATERIALS AND METHODS
=====================

Materials
---------

MIN6N8a cells, SV40 T-transformed insulinoma cells derived from NOD mice, were grown in Dulbecco's Modifed Eagle's Medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml of penicillin, 100 μg/ml of streptomycin, and 50 μM 2-mercaptoethanol. For each experiment, cells (5×10^5^ cells/ml) were plated in 100-mm dishes. Silymarin and PD98059 (2'-amino-3'-methoxyflavone) were purchased from Sigma (St. Louis, MO) and CalBiochem (San Diego, CA), respectively. The anti-iNOS antibody and antibodies against phospho-p44/42 and p44/42 were purchased from Upstate Biotechnology (Lake Placid, NY, USA) and Cell Signaling Technology, Inc. (Beverly, MA, USA), respectively.

Nitrite determination
---------------------

MIN6N8a cells were treated with the indicated concentrations of silymarin in the presence of cytokine mixture (CM: TNF-α, 500 U/ml; IFN-γ, 100 U/ml; IL-1β, 10 U/ml) for 48 h. Culture supernatants were collected, and the accumulation of NO~2~^−^ in culture supernatants was measured as an indicator of NO production in the medium as previously described ([@b11-bt-22-282]; [@b14-bt-22-282]).

Immunofluorescence staining
---------------------------

MIN6N8a cells were treated with silymarin (50 μg/ml) in the presence of CM on a cover slide in 12-well plates. Cells were rinsed 3 times with PBS, fixed with 4% paraformaldehyde for 10 min at room temperature, and rinsed again. Cells were then blocked with 1% bovine serum albumin, followed by the addition of the primary antibody. After extensive washing with Tris-buffered saline, fluorescein isothiocyanate-conjugated IgG was added. Following incubation, the slides were rinsed, mounted, and viewed at 488 nm on a confocal microscope (FV300, Olympus, Japan).

RT-PCR
------

Total RNA was isolated with TRI Reagent (Molecular Research Center, Cincinnati, OH, USA). Forward and reverse primer sequences were as follows: iNOS: 5´-CTG CAG CAC TTG GAT CAG GAA CCT G-3´, 5′-GGG AGT AGC CTG TGT GCA CCT GGA A-3′; and β-actin: 5′-TGG AAT CCT GTG GCA TCC ATG AAA C-3′, 5′-TAA AAC GCA GCT CAG TAA CAG TCC G-3′. Equal amounts of RNA were reverse-transcribed into cDNA with oligo(dT)15 primers. PCR was performed with cDNA and each primer. Samples were heated to 94°C for 5 min and cycled 30 times at 94°C for 1 min, 55°C for 1.5 min, and 94°C for 1 min, after which an additional extension step at 72°C for 5 min was conducted. PCR products were separated by 8% SDS-PAGE, followed by staining with ethidium bromide. The iNOS and β-actin primers produced amplified products of 311 and 349 bp, respectively.

Western immunoblot analysis
---------------------------

Whole cell lysates were separated by 10% SDS-PAGE and then electrotransferred to nitrocellulose membranes (Amer-sham International, Buckinghamshire, UK). The membranes were then preincubated for 1 h at room temperature in Tris-buffered saline (TBS), pH 7.6 containing 0.05% Tween-20 and 3% bovine serum albumin, followed by incubation with iNOS, phosphorylated ERK1/2, and phospho-ERK1/2 (Thr202/Tyr-204)-specific antibodies. Immunoreactive bands were detected by incubation with conjugates of anti-rabbit IgG with horse-radish peroxidase and enhanced chemiluminescence reagent (Amersham).

Electrophoretic mobility shift assay (EMSA)
-------------------------------------------

An EMSA was performed as described in previous literature ([@b15-bt-22-282]; [@b22-bt-22-282]). Nuclear extracts were prepared as previously described ([@b34-bt-22-282]). The double-stranded oligonucleotides were end-labeled with \[γ-^32^P\]-ATP. Nuclear extracts (5 μg) were incubated with poly (dI-dC) and the \[^32^P\]-labeled DNA probe in binding buffer (100 mM KCl, 30 mM HEPES, 1.5 mM MgCl~2~, 0.3 mM EDTA, 10% glycerol, 1 mM DTT, 1 mM PMSF, 1 μg/ml of aprotinin, and 1 μg/ml of leupeptin) for 10 min. DNA-binding activity was separated from free probe by 4% SDS-PAGE in 0.5X TBE buffer. Following elec trophoresis, the gel was dried and subjected to autoradiography.

Statistical analysis
--------------------

The mean ± SD was determined for each treatment group in a given experiment. When significant differences were present, treatment groups were compared to the respective vehicle controls using a Dunnett's two-tailed *t* test ([@b8-bt-22-282]).

RESULTS
=======

Inhibition of iNOS expression by silymarin in cytokine-stimulated MIN6N8a cells
-------------------------------------------------------------------------------

We investigated the effects of silymarin on iNOS production in cytokine-stimulated MIN6N8a mouse pancreatic beta cells. Cytokines, including IL-1β, IFN-γ, and TNF-α, are known to induce or potentiate iNOS expression and NO producti on ([@b4-bt-22-282]; [@b7-bt-22-282]). Treatment with a cytokine mixture (CM: TNF-α, 500 U/ml; IFN-γ, 100 U/ml; IL-1β, 10 U/ml) increased production of nitri te ≥ 4-fold over basal levels in MIN6N8a cells ([Fig. 1A](#f1-bt-22-282){ref-type="fig"}). CM-induced nitrite generation was inhibited by silymarin in a dose-dependent manner. We further analyzed the effects of silymarin on iNOS production by immunohistochemical staining. MIN6N8a cells were cultured on a cover slip in 12-well plates and incubated with silymarin (50 μg/ml) in the presence of CM for 24 h. Immunofluorescence staining of iNOS showed that silymarin inhibited iNOS production ([Fig. 1B](#f1-bt-22-282){ref-type="fig"}). Western immunoblot analysis further confirmed the inhibition of iNOS by silymarin ([Fig. 1C](#f1-bt-22-282){ref-type="fig"}). We next analyzed the effect of silymarin on iNOS gene expression. iNOS mRNA expression after CM treatment was detected at 2 h, peaked at 8 h, and was maintained until 16 h, and the expression of iNOS mRNA was inhibited by silymarin ([Fig. 2A](#f2-bt-22-282){ref-type="fig"}). Silymarin also inhibited iNOS mRNA expression in a dose-dependent manner ([Fig. 2B](#f2-bt-22-282){ref-type="fig"}). Control β-actin was constitutively expressed and was not affected by silymarin treatment. These results showed that silymarin decreased iNOS gene expression, which is involved in pancreatic beta cell destruction.

Inhibition of p44/42 (ERK1/2) phosphorylation by silymarin in CM-stimulated MIN6N8a cells
-----------------------------------------------------------------------------------------

Since p44/42 kinase is important for NO generation in CM-stimulated MIN6N8a and a possible target of silymarin, we further determined the role of p44/42 in NO inhibition by silymarin. A kinetic study showed that CM-induced phosphorylation of p44/42 peaked at 10 min, was maintained until 20 min, and then decreased at 30 min ([Fig. 3A](#f3-bt-22-282){ref-type="fig"}). When cells were treated with silymarin for 20 min in the presence of CM, the phosphorylation of p44/p42 was decreased in a dose-related manner ([Fig. 3B](#f3-bt-22-282){ref-type="fig"}). The p44/42 kinase pathways were specifically blocked when MIN6N8a cells were treated with CM. PD98059 is a specific inhibitor of mitogen activated protein kinase/extracellular signal-regulated kinase 1 (MEK-1), which is responsible for ERK1/2 activation. PD98059 inhibited CM-induced production of nitrite, whereas SB203580, a bicyclic inhibitor of p38, had no inhibitory effect ([Fig. 3C](#f3-bt-22-282){ref-type="fig"}). These results suggest that the p44/42 kinase pathway plays an important role in the regulation of NO generation in CM-stimulated MIN6N8a cells, and that is inhibited by silymarin.

Inhibition of NF-κB activation by silymarin in CM-stimulated MIN6N8a cells
--------------------------------------------------------------------------

The effects of silymarin on NF-κB and AP-1, which have bi nding motifs in the promoter of iNOS gene, were evaluated using EMSA. Treatment of MIN6N8a cells with CM induced a marked increase in NF-κB binding to its cognate site ([Fig. 4A](#f4-bt-22-282){ref-type="fig"}). The induction of NF-κB binding was inhibited by silymarin in a dose-dependent manner ([Fig. 4B](#f4-bt-22-282){ref-type="fig"}). Protein binding at NF-κB-binding sequences is necessary for induction of iNOS expression ([@b35-bt-22-282]). AP1, a transcription factor that binds to the promoter of the iNOS gene, was also induced by CM ([Fig. 4C](#f4-bt-22-282){ref-type="fig"}). However, CM-induced AP-1 binding was not significantly influenced by silymarin ([Fig. 4D](#f4-bt-22-282){ref-type="fig"}). The specificity of the retarded bands was confirmed by adding excess ~32~P-unlabeled double-stranded NF-κB or AP-1 (data not shown). These results indicate that silymarin reduces the DNA-binding activity of NF-κB, which is important in the regulation of iNOS gene expression by CM in pancreatic beta cells.

DISCUSSION
==========

In a previous study, we showed that production of NO, an important mediator of inflammatory responses, is inhibited by silymarin in LPS-stimulated macrophages ([@b16-bt-22-282]). Since proinflammatory cytokines are known to induce the expression of iNOS mRNA and production of NO, resulting in cell death of beta cells ([@b4-bt-22-282]; [@b7-bt-22-282]), we investigated if silymarin could suppress NO production and iNOS gene expression induced by cytokines. We demonstrated that silymarin inhibits NO production and iNOS gene expression in mouse pancreatic beta cells. The protective role of silymarin in pancreatic beta cells was further supported by a previous study that utilized the RINm5F rat insulinoma cell line ([@b23-bt-22-282]). IL-1β and/or IFN-γ induced cell death in a time-dependent manner in RINm5F cells and correlated well with NO production. Silymarin inhibited both cytokine-induced NO production and cell death in RINm5F cells. An *in vivo* study using a rat model further showed that silymarin increased insulin gene expression and beta cell proliferation ([@b30-bt-22-282]).

We demonstrated that silymarin inhibits the p44/42 (ERK-1/2) pathway in cytokine-stimulated beta cells. Silibinin, a major component of silymarin, has been shown to inhibit TPA-induced MMP-9 expression through the Raf/MEK/ERK pathway in thyroid and breast cancer cells ([@b17-bt-22-282]; [@b26-bt-22-282]). Silibinin also prevented TNF-α-induced MMP-9 expression in gastric cancer cells through inhibition of the MAPK pathway ([@b18-bt-22-282]). ERK activity is required for iNOS gene expression in insulin-producing INS-1E cells and MIN6N8a cells ([@b20-bt-22-282]; [@b37-bt-22-282]). In the present study, we demonstrated that the involvement of the ERK1/2 pathways in the regulation of iNOS gene expression in a mouse insulinoma cell line stimulated with cytokines. PD98059, which selectively inhibit the ERK1/2 pathway, inhibited NO production in response to CM, similarly to silimarin. ERK has been reported to be involved in NF-κB-mediated transcription of iNOS, indicating that ERK regulates iNOS gene expression by increasing the transactivation capacity of NF-κB ([@b20-bt-22-282]).

*In vitro* evidence suggests that cytokine-induced activation of the transcription factor NF-κB is an important component of signaling that trigger beta cell apoptosis ([@b1-bt-22-282]; [@b12-bt-22-282]). Expression of a dominant negative inhibitor of NF-κB protects MIN6 beta-cells from cytokine-induced apoptosis. Conditional NF-κB blockade using a degradation-resistant NF-κB protein inhibitor protects pancreatic beta cells from diabetogenic agents ([@b9-bt-22-282]). The transgenic mice showed nearly complete protection against diabetes induced by multiple low doses of streptozotocin and reduced intraislet lymphocytic infiltration. In the present study, we showed that NF-κB was positively regulated by CM treatment to induce iNOS gene expression, whereas silymarin significantly inhibited the CM-induced NF-κB activity ([Fig. 4B](#f4-bt-22-282){ref-type="fig"}). NF-κB plays an important role in the expression of many genes involved in inflammatory responses, including iNOS ([@b35-bt-22-282]). In unstimulated cells, NF-κB exists in the cytoplasm as an inactive form bound to IκB, an inhibitor of NF-κB. External stimuli, including cytokines and lipopolysaccharide, results in the phosphorylation of IκB, which releases the active NF-κB to bind κB motifs in the promoter regions of various genes including iNOS.

In summary, these experiments demonstrate that silymarin inhibits CM-induced iNOS gene expression in a mouse pancreatic beta cell line. Based on our findings, the most likely mechanism that can account for this biological effect involves inhibition of the ERK1/2 kinase pathway and NF-κB activity. Due to the critical role that NO release, NF-κB, and ERK1/2 play in mediating inflammatory responses in pancreatic beta cells, inhibition of these activities by silymarin is a potential useful strategy for beta cell protection.
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![Inhibition of the production of nitrite and iNOS by silymarin in cytokine-mixture (CM)-stimulated pancreatic beta cells. The pancreatic beta cell line, MIN6N8a, was treated with the indicated concentrations of Silymarin in the presence of cytokine mixture (CM: TNF-α, 500 U/ ml; IFN-γ, 100 U/ml; IL-1β, 10 U/ml) for 48 h. (A) Supernatants were subsequently isolated and analyzed for nitrite. (B) MIN6N8a cells were treated with silymarin (50 μg/ml) in the presence of CM for 24 h on a cover slip in 12-well plates. Cells were subjected to immunofluorescence staining using an antibody specific for murine iNOS. The immunoreactive regions for iNOS were localized along the margins of the cytoplasm in the control group. (C) MIN6N8a cells were treated with the indicated concentrations of silymarin in the presence of CM for 24 h Expression of iNOS was analyzed by Western blot using an antibody specific for murine iNOS. Each column shows the mean ± S.D. of triplicate determinations. \**p*\<0.05 compared to the control group as determined by Dunnett's two-tailed *t* test.](bt-22-282f1){#f1-bt-22-282}

![Inhibition of iNOS gene expression by silymarin in CM-stimulated MIN6N8a cells. (A) MIN6N8a cells were treated with silymarin (50 μg/ml) in the presence of CM for indicated times. (B) Cells were treated with indicated concentrations of silymarin in the presence of CM for 8 h. Total RNA was isolated and analyzed for mRNA expression levels of iNOS and β-actin.](bt-22-282f2){#f2-bt-22-282}

![Inhibition of p44/42 phosphorylation by silymarin in CM-stimulated MIN6N8a cells. (A) MIN6N8a cells were treated with CM for the indicated time. (B) Cells were treated with silymarin for 20 min in the presence of CM. The phosphorylation of p44/p42 was analyzed by Western blot. The relative band densities were analyzed with Image J program. (C) Cells were treated with PD98059 (50 μM) or silymarin (50 μg/ml) for 48 h in the presence of CM. The supernatants were subsequently isolated and analyzed for nitrite. Each column shows the mean ± S.D. of triplicate determinations. \**p*\<0.05 compared to the control group as determined by Dunnett's two-tailed *t* test. (D) The chemical structure of PD98059.](bt-22-282f3){#f3-bt-22-282}

![Inhibition of NF-κB activation by silymarin in CM-stimulated MIN6N8a cells. (A, C) MIN6N8a cells were treated with CM for the indicated times. Nuclear extracts were then isolated and analyzed for the activities of NF-κB (A) and AP-1 (C). (B, D) Cells were incubated with silymarin in the presence of CM for 2 h. Nuclear extracts were then isolated and analyzed for the activities of NF-κB (B) and AP-1 (D).](bt-22-282f4){#f4-bt-22-282}
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